Abstract Very weak crustal magnetic fields over the Syrtis Major volcanic complex imply almost total thermal demagnetization via magmatic intrusions over a large area less than~4 Ga. We fit a model of these intrusions and the resulting thermal demagnetization to maps of crustal magnetic field strength at 185 km altitude. The best fits are most consistent with a "dog bone"-shaped region of intrusive material, elongated approximately north-south, with an area of~350,000 km 2 and an inferred volume of~4-19 × 10 6 km 3 . Such a large volume is best explained by a long-lived mantle plume beneath the Syrtis edifice. A free-air gravity anomaly high over the Syrtis Major caldera is consistent with dense mafic residue remaining at depth following crystal fractionation that produced the silicic magmas seen at the surface. The elongation of this region is consistent with ascent and north-south emplacement of magma enabled by structures parallel to and associated with the preexisting Isidis impact basin.
Introduction
Magmatic activity on Mars, just as on Earth, alters the magnetic properties of the planet's crust. If a substantial volume of crust is magnetically altered, the magnetic field signature of the alteration should be resolvable even from orbital altitudes. As magnetic minerals are heated above their Curie temperatures (T Curie ), any prior magnetization is erased. As the crust cools again, its magnetic minerals acquire a new magnetization proportional to the strength of the ambient magnetic field and to their magnetic susceptibility as they cool through their Curie temperatures [Pauthenet and Bochirol, 1951; Schmidt and Clark, 1985] .
Although some magnetized crust (up to 40 km) beneath crater-dated lava flows has led to interpretations that the Martian dynamo continued until~3.7 Ga [e.g., Lillis et al., 2006; Milbury and Schubert, 2010; Milbury et al., 2012] , magnetic and crater retention age analysis of large-impact craters >300 km in diameter (which, unlike surface lava flows, reset the magnetization over the full depth of crust) implies that Mars has not hosted a global magnetic field since~4 Ga [Arkani-Hamed, 2004; Lillis et al., 2008a Lillis et al., , 2013a . Regardless, Martian crust that has been demagnetized by magmatic intrusion in the last~4 Ga cannot have subsequently acquired, upon cooling, any substantial thermoremanent magnetization (TRM). It follows then that magmatic activity younger than~4 Ga in previously magnetized areas, if significant enough to cause thermal demagnetization on length scales larger than the measurement altitude, will result in reduced measured magnetic field amplitudes. Considering this and if other mechanisms of demagnetization can be excluded, areas of low or undetectable magnetic field in volcanic settings can be associated with magmatic intrusions without the terrestrial complications of induced magnetization, subsequent TRM, or subtracting the magnetic fields of a core dynamo, all of which apply on Earth. Mars thus offers a rare opportunity to map the location and volume of intruded bodies of magma beneath volcanic edifices through the signature of thermal demagnetization in the magnetic field. Unlike gravity studies, this method does not require that density differences between intrusion and country rock can be estimated a priori. Carr, 1974] . Considering the planet as a whole, Tharsis' crust is both the thickest (~90 km [Konopliv et al., 2011; Neumann et al., 2004] ) and has the weakest magnetic field signature as measured from orbit, with an upper bound of just 0.8 nT at 185 km altitude. In contrast, the margins of Tharsis host moderate-to-strong crustal magnetic fields (up to hundreds of nanotesla at 185 km). Given the~20 × 10 6 km 2 of lava flows identified on the surface [Carr, 1974; Wise et al., 1979] , the very weak magnetization of the Tharsis region is best explained by long-lived pervasive magmatism and thermal underplating, likely involving hundreds of millions of cubic kilometers of intruded magma [Dohm et al., 2009; Johnson and Phillips, 2005; Lillis et al., 2009] .
Although there exist other volcanic regions of Mars devoid of detectable crustal magnetism (e.g., Elysium Mons, Amphitrites Patera, and Peneus Patera), Syrtis Major is the only other volcanic setting with a magnetic signature best explained by the intrusion of substantial amounts of magma into crust that was previously significantly magnetized [Lillis et al., 2008b] . In this paper, we update the magnetic and thermal modeling techniques described by Lillis et al. [2009] , in combination with inferences from gravity data, to place constraints on the geographic extent and total volume of magma intrusions at the Syrtis Major volcano, west of the Isidis Basin near the highland-lowland dichotomy. We present evidence that magmatism at Syrtis was long lived. Our magnetic, thermal, and gravity data-in conjunction with estimates of volumes of erupted lavas-also allow us to infer the patterns of magma migration and the compositional evolution of magmas over the life of the volcano.
Data
Using pitch angle distributions of suprathermal electrons measured by the Mars Global Surveyor (MGS) Magnetometer/Electron Reflectometer (ER), Lillis et al. [2008b] produced a map of the field magnitude |B|, due to crustal sources only, at 185 km altitude above the Martian datum, hereafter referred to as B 185 . This map has an approximate spatial resolution of~200 km and a detection threshold for crustal fields of 1-4 nT. Data gaps (shown in black in Figure 1a ) exist where magnetic field lines are permanently closed, Figure 1 . (a) The regional context of the Syrtis Major volcanic province showing its position just west of the Isidis Basin and that it is substantially younger than the ancient highland crust to its north, west, and south. Orthographic maps of (b) surface topography derived from MOLA data, (c) magnetic field magnitude at an altitude of 185 km, and (d) free-air gravity anomaly data for the Syrtis Major region. The small white circles in Figures 1a and 1b are the calderas of Meroe (north) and Nili (south) Paterae. The larger white circle represents a high-density cylindrical intrusive body modeled to fit the gravity anomaly data (see Figure 2 ). The northern and southern areas of low magnetic field (NALF and SALF) are labeled in Figure 1b . The large black circles represent the cylindrical areas of magmatic intrusion (with 1 sigma uncertainties as thinner circles) modeled in this paper to fit the magnetic field data, i.e., with radii shown in the yellow boxes of Table 3 : 234 ± 66 km and 225 ± 57 km for the NALF and SALF zones, respectively.
i.e., where they are attached to the crust at both ends, forbidding reflection of solar wind electrons. This represents our primary data set for constraining magmatic intrusions in this study. For context, we also examine Mars Orbiter Laser Altimeter (MOLA) topography [Smith et al., 2001 ] at a resolution of 0.03125°(1.85 km) per pixel, and the most recent publicly available Mars free-air gravity anomaly data set Jet Propulsion Laboratory (JPL) model JGMRO1110C expanded to degree and order 90 [Konopliv et al., 2011] .
The Syrtis Major Volcanic Construct: Geological and Geophysical Context
Frequently appearing as a large dark spot on the surface of Mars, Syrtis Major has the distinction of being the first surface feature ever documented on another planet (by Christiaan Huygens in 1656 [Schilling, 2011] ).
Morphology
On the basis of spacecraft images and Earth-based radar data, it was identified as a low-relief volcanic construct by Schaber [1982] . It is approximately 1000 km in east-west dimension and 1400 km in north-south extent, and lies near the edge of the global dichotomy boundary, centered at 8°N, 67°E (Figure 1a ). Its summit is~2300 m above the Martian datum, and many of the shallow-sloped (i.e., 0.25°-0.5°) major flows on its flanks date approximately to the Hesperian epoch of Mars, around 3.5 Ga [Plescia, 2004; Tanaka, 1986] . Some flows overlie Nili Fossae to the northeast and breach the rim of the~1200 km diameter Isidis impact basin to the east. From topographic profiles and spot estimates of lava thickness, the total volume of lava comprising the edifice has been estimated at 1.6-3.2 × 10 5 km 3 [Hiesinger and Head, 2004] . MOLA topography of the region is shown in Figure 1b .
Caldera Topography and Eruptive History
The central portion of Syrtis is characterized by two named calderas, Meroe and Nili Paterae:~70 km and 50 km in diameter, 1.9 km and 1.6 km deep, and located to the north and south of the volcano, respectively. They sit in a 300 km × 150 km wide depression, elongated approximately NNE to SSW [Hiesinger and Head, 2004; Plescia, 2004] , which may be an older caldera [Werner, 2009] , indicating collapse into a vast, partially evacuated magma chamber [Hiesinger and Head, 2004] . Both Meroe and Nili calderas contain several overlapping subcalderas with different crater-count ages, indicating a long-lived source of magma and repetitive magma chamber inflation and discharge over the history of Mars. Meroe underwent its oldest resolvable extrusive episodes at 3.6-3.8 Ga, whereas its most recent episode was less than 1.4 Ga and possibly as recently as 230 Ma [Robbins et al., 2011] . Where not obstructed by dark dune fields, the subcalderas within Nili Patera have ages between 1.6 Ga and 3.6 Ga [Robbins et al., 2011] . Syrtis Major is clearly a long-lived volcanic system, with activity spanning a period of 2.2-3.6 Ga of Martian history.
Mineralogy and Composition of Syrtis Major
The only major volcanic construct on Mars not layered with obscuring dust, the surface composition of Syrtis Major, has been studied extensively with orbital remote sensing observations. Exposures on Syrtis have been inferred to indicate the presence of diverse magma types from komatiites to rhyolites and indicate prolonged magmatic evolution [e.g., Christensen et al., 2005; Hamilton and Christensen, 2005; Hiesinger and Head, 2004; Mustard et al., 2005; Wray et al., 2013] . Hiesinger and Head [2004] gave a detailed summary of the wide variety of erupted igneous compositions inferred by many authors, ranging from andesites to komatiites. Rampey and Harvey [2012] suggested that during the late Hesperian, Syrtis lavas transitioned from ultramafic to primarily basaltic compositions. The earlier ultramafic lavas indicate a high degree of partial melting in the mantle. The subsurface of Syrtis (i.e., outcrops of the original Noachian crust or older lava flows covered by those on the surface, exposed by impacts and erosion) also shows signs of carbonate decomposition and magma-carbonate interaction, as inferred from thermal emission spectra [Glotch and Rogers, 2013] . The Nili Patera dacite, identified by Christensen et al. [2005] , has been interpreted to be 3.0-3.6 Ga based on crater counts [Robbins et al., 2011] , and so likely postdates the main phase of Syrtis Major's formation [Hiesinger and Head, 2004] . Other highly felsic rocks, interpreted to be rhyolitic, appear even younger (i.e., 2-3 Ga), albeit with relatively poor age constraints [Wray et al., 2013] . Here we use the volcanic rock types "dacite" and "rhyolite" to denote composition, but spectroscopic observations do not reveal whether the exposed lithologies are intrusive or extrusive. The multiple calderas, wide range of ages, and presence of silicic magmas imply a prolonged history of magmatism at Syrtis. Fractional crystallization in a magmatic mush at shallow crustal levels can account for the range of compositions observed at Nili [Wray et al., 2013] . Such a scenario implies that a denser, more mafic residue remains at depth.
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Gravity Evidence for a Dense Buried Load
While the presence of a magma chamber beneath Syrtis can be inferred from the presence of the calderas, gravity data have been used to characterize its possible areal extent (~700 × 350 km) and thickness (several kilometers) [Kiefer, 2004] . The large positive gravity anomaly measured over the Syrtis caldera complex (see Figure 1c ) requires either a large upward deflection of the crust-mantle boundary or a solidified magma chamber at least partially filled with dense igneous cumulates (olivine or pyroxene). Although we argue later (section 5.7) that a mantle plume was probably responsible for creating the Syrtis Major volcanism, the bulk of the observed volcanism has cratering ages that exceed 2-3 Ga [Hiesinger and Head, 2004] . Over that long time interval, any dynamic uplift of the crust that might have been originally produced by the plume would have decayed. Because of this, and because of the large volumes of volcanic material identified at Syrtis, we regard a solidified magma chamber as the more geologically reasonable mechanism for producing the gravity anomaly.
Here we reexamine the Syrtis Major gravity anomaly using the gravity model of Konopliv et al. [2011] , which is based on Doppler tracking data from the Mars Reconnaissance Orbiter (MRO), as shown in Figure 2 . All profiles are taken along 69°E. The free-air gravity model in the solid black line (in Figure 2) is JPL model JGMRO110C, expanded to spherical harmonic degree 90 (to which we applied a cosine taper at L = 85-90), implying a block size (half-wavelength resolution) of~120 km. The dashed black line is the free-air gravity anomaly due to topography supported by a 10 km thick elastic lithosphere, with Young's modulus of 10 11 Pa, Poisson's ratio of 0.25, and a density difference between crust and mantle of 700 kg m À3 . As noted
by Kiefer [2004] , the substantial mismatch between the observed free-air gravity anomaly and the gravity from topography indicates the need for an additional contributing mass. The red line in Figure 2 is a gravity model that includes both the flexurally supported topography and a dense subsurface load, which is modeled as a finite thickness spherical cap following the method of Kiefer [2004] and Kiefer [2013] . The load is 175 km in radius; is centered at 7.5°N, 68.75°E; and is 4.7 km thick based on a density contrast of 600 kg m
À3
between the intrusion and the crust, which is assumed to be moderately porous basalt.
This gravity signature may correspond to dense mafic cumulates that settled in the magma chamber. Measured grain densities for Martian nahklite and chassignite meteorites (pyroxene-and olivine-dominated cumulates, respectively) range from 3400 to 3700 kg m À3 [Macke et al., 2011] . Alternatively, the density contrast indicated by the gravity data may be due to thermal annealing of pores in the crust (which were present prior to volcanic activity and that annealed after new dikes and sills intruded beneath the caldera), as postulated for the lunar Marius Hills [Kiefer, 2013] . In either case, the density anomaly is almost certainly related to magmatic activity and so indicates that thermal demagnetization may have been substantial. Under a scenario where the density contrast is from porosity annealing, the subsurface layer could be 10-20 km thick in the center of the load; conversely, a layer thickness of about 5 km is required for a pyroxene-dominated cumulate layer and about 3 km for an olivine-dominated cumulate layer. If the gravity anomaly is due to a pyroxene-dominated cumulate , which is similar to the total exposed volume of the Syrtis major shield [Hiesinger and Head, 2004] . However, the magma chamber observed in the gravity data is likely to be just a small fraction of the total subsurface (intrusive) volume of the volcanic complex (see section 5.6). If composition is olivine dominated, the inferred volume is~40% less or~2 × 10 5 km 3 . Due to the limited topographic relief of the volcanic shield, much of the inferred volume of the cumulate chamber must occur within the basement beneath the volcano, rather than within the shield itself. Although the spatial resolution of the gravity field used in this study is almost twice that of the gravity field used by Kiefer [2004] , the inferred horizontal extent and vertical thickness of the cumulate chamber is similar in the two studies.
The modeled positive density anomaly magma chamber (whether due to a dense cumulate layer or thermally annealed porosity) only contributes to the gravity anomaly between 4 and 11°N; beyond these bounds, the model gravity is essentially entirely due to the flexurally supported topography, as shown by the overlap of the dashed black and solid red lines in Figure 2 . There are small misfits between the observed and model gravity anomalies between 1°and 4°N and between 12°and 14°N, with typical misfits of 15-30 mGal. The observed gravity field has a likely uncertainty of about 10 mGal [Konopliv et al., 2011] , so it is likely that these misfits are real but the details of the misfits are probably not well determined. Between 1°and 4°N, the gravity due to topography is less than the observed free-air gravity, suggesting the presence of a thin layer of dense subsurface material, possibly a southward extension of the magma chamber system. Between 12°and 14°N, the gravity due to topography exceeds the observed free-air anomaly, indicating the presence of a lowdensity subsurface structure. Preliminary modeling suggests that both the structures responsible for the southern and northern misfits are likely to be thin (<1-2 km, depending on the density contrast). However, because these structures are close to the uncertainty level in the observed gravity field, we have not attempted detailed modeling of these features.
Magnetic Field Evidence for Magmatic Intrusions
Geophysical potential theory [e.g., Blakely, 1995] holds that regions above which near-zero magnetic fields are measured must have near-constant magnetization in the magnetizable layer of crust near the surface. However, in the case of volcanic settings on Mars where the magnetization was acquired >~4 Ga ago, the magnetization in such regions is almost certain to be near zero. There are three primary reasons for this: (a) natural mineralogical variation leads to variability in the magnetic susceptibility of the rocks holding the TRM, leading to inhomogeneous magnetization strength; (b) natural variability in the thickness of the cooling lava or magma; and (c) shock and thermal demagnetization from subsequent impacts would cause inhomogeneities in any putative uniformly magnetized layer. Note that (a) and (c) also mean that low magnetic field measured within large-impact craters also points strongly to near-zero magnetization.
Apart from obvious impact demagnetization in the Isidis Basin to the east [Lillis et al., 2010] , the surrounding 10 × 10 6 km 2 around Syrtis contains mostly moderate-to-strong crustal magnetic fields, averaging~40 nT but rising to as much as 200 nT (see Figure 1a) . However, as noted by Lillis et al. [2008b] , a "tilted hourglass"-shaped zone of low magnetic field strength exists over the central part of Syrtis. In particular, two distinct areas of very low field strength (<5 nT) exist at 10.7°N, 67.7°E and 2.5°N, 68.5°E. When taken with the other geological and geophysical data sets mentioned thus far, these areas of low field strength strongly suggest thermal demagnetization by volcanic intrusions. We denote these two regions as south and north areas of low field magnitude (SALF and NALF, respectively).
While the ER data set has the kind of dense coverage that is well suited to this kind of study, the MGS magnetometer [Acuña et al., 1999] took data during two low-altitude passes approximately north-south over Syrtis Major, one of which was largely free of noise from ionospheric currents and is at an altitude of 113-122 km over the volcanic edifice. This pass (not shown) has minima of~20 nT at 2.5°N and 9.5°N latitude and a maximum of 70 nT at 7°N latitude, matching very well the morphology shown in Figure 1 and supporting the ER data set.
Methods: Fitting Statistical Models of Thermal Demagnetization
We calculated azimuthally averaged magnetic field profiles at an altitude of 185 km resulting from a range of plausible three-dimensional postintrusion magnetizations for both the NALF and SALF locales, as discussed below. We then compared these calculated profiles with the corresponding measured profiles of B 185 , to estimate the areal extent and total volume of the intrusions at each site.
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Monte Carlo Magnetization Model
We used the statistical Fourier domain technique of Lillis et al. [2010] to stochastically model crustal magnetization and the thermal demagnetization thereof and then to calculate the resulting magnetic fields that would be observed at orbital altitudes. We use this instead of standard magnetic inversion techniques for two main reasons: (1) such inversions with scalar magnetic data require many assumptions and do not easily converge and (2) we are interested only in azimuthal averages, not exact fits of the two-dimensional field as would be required by a standard magnetic inversion technique. In other words, our technique is more appropriate to the problem at hand.
In this study, we created random magnetization patterns with all 225 combinations of the following characteristics:
1. Magnetization strength was distributed according to a Gaussian distribution with full width at half maximum (FWHM) ranging logarithmically from 0.5 to 500 A/m in 75 steps. Positive and negative magnetizations in this case simply mean parallel or antiparallel to a single magnetization axis chosen at 45°to the horizontal (such a choice results in an error of less than 15% compared to other directions [Lillis et al., 2010] ). 2. A single Gaussian distribution of vertical magnetization coherence wavelengths centered on 12 km with a full width at half maximum (FWHM) of 2.5 km. This value is in some ways unimportant since normalized magnetic field profiles are independent of vertical coherence scale [Lillis et al., 2010, section 3.3.3] . 3. A single total preintrusion magnetic layer thickness of 40 km, consistent with published global estimates [Dunlop and Arkani-Hamed, 2005; Voorhies, 2008] . 4. Gaussian distributions of horizontal coherence wavelengths centered on 256 km, 512 km, and 1024 km, with
FWHMs equal to 20% of the central value. The last value has been shown to be close to the global average value [Voorhies, 2008; Lillis et al., 2010, cf. Figure 5] . However, given that the extent of the magnetized region between the low magnetic field zones of Syrtis and the demagnetized Utopia and Isidis Basins may be as little as hundreds of kilometers, examining smaller coherence wavelengths is appropriate.
At our observation altitude of 185 km, the magnetic field magnitude depends linearly on magnetization strength, vertical coherence wavelength, and total layer thickness (the first three variables described above).
As we are not trying to determine these three parameters separately, we only varied the magnetization strength [Lillis et al., 2010] to compute a representative series of magnetization patterns. We note here that random magnetization patterns with these properties (an example of which is shown in three dimensions in Figure 2 of Lillis et al. [2010] ) are consistent with orbital data and are qualitatively realistic in the sense that 12 km and 256 km, 512 km, and 1024 km are quite plausible average values for approximately twice the size of a coherently magnetized piece of Martian crust in the vertical and horizontal directions, respectively.
Magma Intrusion Modeling
We used thermal modeling of magmatic intrusions to assess the peak temperature conditions achieved in the crust. We focused on characterizing the sensitivity of the thermal state of the crust in response to both the radial extent of intrusions emplaced from a central axis and to different magma fluxes. We use a three-dimensional axisymmetric model of intrusion because, as mentioned in the previous section, we are interested only in azimuthal averages of magnetization and magnetic field. In our simulation domain with a radius of 1000 km and depth of 40 km, we modeled magmatic intrusions stochastically as dikes and sills of 200-800 m thickness and with an average lateral extent of 70 km. These dimensions are consistent with large igneous provinces on Earth [Elliot et al., 1999] . We used a finite volume modeling approach [Dufek and Bergantz, 2005] to examine conductive heat transfer in the crust. We included nonlinear relationships between melt fraction and temperature based on petrologic experiments [Green, 1972 [Green, , 1982 Green and Ringwood, 1968; Petcovic and Dufek, 2005] .
Prior to the intrusion of magma, the crust was assumed to have had a thermal gradient of 16 K/km, which is appropriate for the Noachian/Hesperian time frame in which most Syrtis Major volcanism occurred [Hauck and Phillips, 2002; Morschhauser et al., 2011; Williams and Nimmo, 2004] . The magma in our models was intruded at its liquidus temperature, and the thermal properties of the intruded magmas and crust are identical to those presented by Lillis et al. [2009] . To examine the effect of changes in the spatial extent of the magmatic province, we conducted simulations in which the intrusions were confined to a specific radial distance of the axis of the simulations. This distance was varied between 100 km and 400 km from the axis in seven linear steps (i.e., 100 km, 150 km, and 200 km). For each radial constraint, five different intrusion flux scenarios were considered, with the ratio of intruded magma volume to preexisting crustal volume at the end of the modeled intrusive . Magma intrusion was simulated over a 100 Ma time frame, but the entire simulation was run for 500 Ma in order to examine far-field heating of the crust, away from the active intrusions. For the 100 Ma duration of intrusion, the thermal effects of each intrusion were largely independent, and so we therefore refer to the ratio of total intruded volume of intrusive magma to preexisting crust. The maximum temperature (which is recorded) is the peak temperature at each location from the start of an intrusive episode (which includes many distinctive dike and sill intrusions) until all intrusions have ceased and the crust has cooled following the waning of intrusions.
Intruding a given magmatic volume over a longer time frame than 100 Ma had only a minor impact on the maximum temperature recorded in the spatial domain (shown in Figure 4a ). The majority of intrusions in our model were idealized as sills and were accommodated by displacing underlying crust downward, thus leading to crustal thickening. In these simulations we only considered magma volume accommodation by crustal thickening rather than by lateral extension, although our previous work has shown no substantial difference in the total intrusion volume required to fit the magnetic field data . Assumptions for physical parameters are identical to those reported in section 4.1 of Lillis et al. [2009] , which also includes a detailed description of our magma intrusion model.
Modeling of Thermal Demagnetization
As magnetic minerals increase in temperature, TRM decreases slowly and quasilinearly at first, then more rapidly as T Curie (the temperature at which magnetization drops to zero) is approached. We chose to represent experimental curves for thermal demagnetization of TRM empirically, using a modified version of the cumulative distribution function of the gamma distribution:
where T is the temperature in kelvin, |M| is the normalized remaining magnetic moment, Γ is the gamma function, γ is the lower incomplete gamma function, β is a shape parameter, T scale is a scale parameter, and T Curie is the Curie temperature at which a mineral becomes paramagnetic and loses all of its TRM; i.e., its magnetization drops to zero. We found that thermal demagnetization data for pyrrhotite (T Curie = 325°C) [Dekkers, 1989] , magnetite (T Curie = 580°C) [Dunlop, 2009] , and hematite (T Curie = 670°C) [Ozdemir, 2005] could be fit reasonably accurately by equation (1), as shown in Figure 3 . Table 1 shows the best fit values for β and T scale . The best fits match the experimental curves for magnetite and pyrrhotite quite well. The fit for hematite is not as close, but, given the final uncertainties in inferred magma intrusion radii (~25%) and volumes (~60%), these fits are adequate for our purposes.
We note a caveat that the precise shape of the demagnetization curve depends on the history of cooling when the rock first acquired its TRM, as well as the mineral grains present [e.g., Dunlop, 2009] , and so the data shown in Figure 3 do not necessarily apply to all possible instances of these minerals on Mars.
Figure 4 demonstrates how this demagnetization parameterization is applied in our model. Figure 4a is an example of a cross section of the 3-D cylindrically symmetric array of maximum temperature reached during intrusion simulation. Figure 4b shows the resulting fraction of the original magnetization remaining after thermal demagnetization has been applied according to equation (1) and the fitting parameters in Table 1 . Figure 4c shows the same data as Figure 4b but resampled to the spatial resolution of the magnetic simulation. It can be thought of as a "mask" which we place over the preintrusion 3-D magnetization patterns, resulting in a postintrusion magnetization pattern like the example in Figure 4d . Figure 4e shows the azimuthally averaged radial profiles of B 185 calculated when this mask is applied to 100 randomly chosen patterns (as well as the average of those patterns).
For this study, we performed this calculation for 200 randomly chosen patterns (to achieve statistical robustness) for each combination of the parameters shown in Table 2 , for a total of 4,725,000 forward models.
Fitting to Measured Profiles of B 185
We calculated azimuthally averaged profiles of the mean and standard deviation of B 185 for both the SALF and NALF from the ER data. We excluded the small "slice" of each in the weak-field region where the circles
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are closest to one another, over the caldera (Figure 1 ). This is because the model assumed axisymmetry, i.e., just one cylindrical volume of intrusion, a poor assumption over the caldera where the other low field zone influences the magnetic field (i.e., NALF and SALF overlap) and where additional intrusions may be present (see section 5.3). For SALF, we also excluded the azimuth angles between 190°and 310°due to a sizable area of missing ER data (see Figure 1a) . We then compared these azimuthally averaged measured profiles to our 4,725,000 forward models and calculated the χ 2 goodness of fit for each model using the formulation including standard errors [e.g., Bevington and Robinson, 2003 ], which we assumed to be the standard deviation in each radial bin divided by the square root of the number of data points in that bin. This resulted in a five dimensional χ 2 space, where the dimensions are as follows: magnetization coherence wavelength, magnetization strength, magma intrusion rate, magma intrusion radius, and Curie temperature.
We considered all points in this space within the 1 sigma error ellipsoid [e.g., Bevington and Robinson, 2003 ] to be acceptable fits. The validity of this approach rests upon the assumption of an approximately normal distribution of residual values, which was found to be the case for magnetization strength and intrusion radius, but could not be conclusively shown for Curie temperature, coherence wavelength, or magma intrusion rate due to the small number of values in those dimensions (see Table 2 ). However, Lillis et al.
[2010] used the same modeling framework and data set to study demagnetization by meteorite impact and found approximately normally distributed residuals for the dimensions of coherence wavelength, magnetization strength, demagnetization radius, and a parameter analogous to Curie temperature for pressure demagnetization. Figure 5 shows the B 185 data and the family of acceptable model curves (i.e., within the 1 sigma error ellipsoid), as well as the distribution of best fits in terms of intrusion radius and volume. Figure 6 shows the means and standard deviations of intrusion radius and total intrusion volume corresponding to these acceptable fits for each of the three magnetic minerals and coherence wavelengths. These values are also given in Table 3 .
Note that we do not show the fitting results for magnetization strength, for two reasons: the first is that magnetic field has a linear dependence on magnetization strength and therefore is completely separable from the other fitting parameters; i.e., knowledge of the absolute magnetization strength is not required to constrain Curie temperatures, lateral magnetization coherence wavelengths, or intrusion radii or volumes. The second reason is that magnetic field also has a linear dependence on the vertical coherence wavelength of the magnetization, rendering any fitting results valid only for the assumed vertical magnetization coherence wavelength of 12 km, a value that is not unreasonable but nonetheless cannot be constrained.
Results and Discussion
The inherently nonunique relationship between magnetic field and magnetization means that similar radial profiles of B 185 can result from a range of possible thermal demagnetization scenarios. There is thus a Figure 3 . Measured and fitted thermal demagnetization curves. Experimental data of thermal removal of TRM (thermoremanent magnetization) are shown with black diamonds for a 110 μm sample of magnetite [Dunlop, 2009] , blue diamonds and light gray lines for the average and standard deviations of a representative number of samples of pyrrhotite [Dekkers, 1989] , and red diamonds for a 10 × 6 × 2 mm hematite crystal [Özdemir, 2005] . The solid lines represent the best fits to these data using the formula in equation (1). Best fit parameters are shown in Table 1 . substantial spread in the best fit values of intrusion radii and volumes, but the fits are nonetheless instructive. For magnetic field strength to go so close to zero at the centers of the NALF and SALF, a substantial area of extremely weak or zero magnetization must exist. Under the assumption that this area was magnetized with a similar strength and coherence wavelength similarly to its surroundings prior to any postdynamo magmatism, the diameter of each intrusive body must be at least~320 km, most likely around 450 km, and at most 600 km, with the inferred areas of the intrusive bodies beneath the SALF and NALF the same (within error).
Systematic Uncertainties in Intrusion Volumes
The radii and areas of intrusive bodies are well constrained, and therefore, the estimates of those quantities are robust ( Figure 6 and Table 3 ). However, our estimates of the corresponding total intrusion volumes given in Table 1 and Figure 5 are complicated by the following factors:
1. Thickness of magnetized layer. The simulations assumed a 40 km thick magnetized domain prior to intrusion, necessitating intrusion over this depth to fully demagnetize the crust to match observations. However, the preintrusion magnetization could reside in a single layer several times thinner than 40 km and still reasonably explain the magnetic fields measured above the surrounding region. Therefore, the derived intrusion volumes are upper bounds. 2. Saturation effects. The simulations show that a crustal replacement ratio of 0.5 is sufficient to fully thermally demagnetize the crust. Subsequent intrusion into the same crust cannot further demagnetize the crust. The derived intrusion volumes may thus be a factor of 2 or more higher and hence are a lower bound. 3. The dominant magnetic mineral is unknown. Minerals with higher Curie temperatures can support a magnetized layer to greater depths below the surface. Intrusions below the maximum depth do not affect magnetization. Therefore, in addition to the layer thickness the depth of the magnetized layer is important in terms of the ease with which these intrusions may demagnetize the crust. 
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Even with these systematic uncertainties, we can nonetheless estimate an overall minimum for intrusion volume. The same stochastic magnetization model described in section 4.1 reproduces the observed average regional magnetic field strength of~40 nT with the following four assumptions: (1) a magnetized layer thickness of d km, (2) a magnetization strength of (20/d) A/m, (3) a lateral magnetization coherence wavelength of Figure 5 . Information concerning fits of thermal demagnetization model results to B 185 data for both the (a, c, and e) NALF and (b, d, and f) SALF zones. (Figures 5a and 5b) The azimuthally averaged radial profiles of measured B 185 data (black), compared with all simulated profiles within one sigma of the χ 2 minimum (gray), i.e., the "good" fits. The best individual fit in Figures 5a and 5b is shown as an orange dotted line. Figures 5c and 5d show the number of acceptable fits for each possible value of modeled intrusion volume. Figures 5e and 5f show the number of acceptable fits for each model value of intrusion radius. The blue, green, and red curves represent the models where the magnetic mineral was pyrrhotite, magnetite, and hematite, respectively. 
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400 km (chosen on the basis of the goodness of fits shown in Figures 5e and 5f), and (4) no vertical magnetization gradients within the layer. In other words, a high but plausible (based on magnetic mineralogy [e.g., Dunlop and Arkani-Hamed, 2005] ) magnetization strength of~20 A/m would require a cumulative magnetized depth of~2 km. In the highly unlikely event that all of an intrusion were concentrated in or very near the same depths as the preintrusion magnetization, all of which was pyrrhotite, we find an absolute minimum intrusion volume of 2.5-3 × 10 5 km 3 for each body below the NALF and SALF zones,~10 times lower than the overall best fit intrusion volumes for these regions (shown in the right column of Table 3 ). However, given the likely stochastic nature of magmatic intrusions, both before and after the cessation of the Martian dynamo, most of the depth to the Curie isotherm was probably intruded by magma. The intrusion estimates in Table 3 are therefore unlikely to be gross overestimates and could in fact be underestimates by a factor of 2 due to the aforementioned saturation effects (i.e., 50% crustal replacement gives the same total demagnetization as 100 or 200%). In summary, these considerations show that, although magnetic field data can robustly be used to determine the radius to which total thermal demagnetization must have occurred via magmatic intrusion, these data provide much looser bounds on intrusion volumes because orbital data can be used to constrain neither the distribution of postdynamo intrusions nor the predynamo distribution of magnetization. 
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Influence of Magnetic Curie Temperatures and Coherence Wavelengths of Magnetization
Interestingly, we find no statistically significant difference between the best fit radii of intrusion for each magnetic mineral. We note that this is in contrast to the~50 km difference among minerals in the location of intrusion boundaries in southwestern Tharsis derived by Lillis et al. [2009] . The difference between the two studies is likely due to the following differences in method: (1) the geometry of the inferred intrusion in the former study was different (an extended boundary rather than a cylindrical shape), (2) Lillis et al. [2009] used a physically less realistic rectangular checkerboard pattern of magnetization, and (3) single B 185 profiles were fit to ensemble averages of such profiles from magnetization simulations instead of comparing azimuthal averages of measured data with models, as we do in this study.
Nonetheless, in our simulations a slightly larger fraction of the good fits (~40%) are for models with pyrrhotite (and its lower Curie temperature of 325°C), with smaller fractions (~27% and~33%) composed of hematite and magnetite, respectively. This preference for pyrrhotite-bearing models may be due to more complete demagnetization in the intrusion zone occurring for lower Curie temperatures, although the effect is not a large one.
We also note a strong preference in model fits for smaller preintrusion magnetization coherence wavelengths of 256 km and 512 km, compared with the approximate global average of 1024 km [Lillis et al., 2010] . For both NALF and SALF, simulations with these wavelengths provide~60%,~35%, and~5% or less of the acceptable fits, respectively. As mentioned in section 3, it may be that the impact demagnetization of the nearby Utopia and (in particular) the Isidis Basins resulted in the formation of a narrow zone of magnetized material, approximately 200-300 km across, to the east of Syrtis. This contribution to the azimuthal average may explain the preference for the smaller coherence wavelengths.
Constraining Demagnetization Beneath the Caldera
Our modeling described thus far assumed only two centers of intrusion (i.e., one each under the NALF and SALF zones). This choice was guided by the morphology of the magnetic field map as measured at 185 km altitude. As seen in Figure 1 , the NALF and SALF modeled intrusion zones overlap with one another around the caldera complex, where the magnetic field magnitude (12-20 nT) is substantially lower (by a factor of 2-3) than to the east or west of the caldera. Because the field over the caldera does not go to zero, one possibility is that substantial magnetization remains beneath the caldera complex. This would be the unambiguous conclusion if the magnetic field data were collected at an altitude considerably lower than the spatial extent of the complex (e.g., 30 km). However, at 185 km altitude, the magnetic field is dominated by contributions from magnetization wavelengths on the order of this altitude or greater; i.e., magnetization~200 km away could be responsible for the nonnegligible magnetic field measured directly over the caldera. This relationship between altitude, demagnetization radius, and coherence wavelength was examined in detail by Lillis et al. [2010 Lillis et al. [ , 2013b .
Nonetheless, useful constraints on the nature of the subsurface magnetization beneath the Syrtis caldera can be derived. We used the same magnetization modeling framework described above to calculate magnetic field profiles expected for a range of diameters (0-600 km) and degrees (0%-100%) of demagnetization for 1000 randomly generated initial magnetization distributions with a horizontal coherence wavelength of 256 km (consistent with the best fits in the previous section). We then calculated the ratios of the modeled magnetic field measured inside 0.5 demagnetization radii (i.e., within half of the radius of demagnetization) to those measured between 1.25 and 2 radii and compared these ratios with analogous measured ratios calculated from the map of B 185 (i.e., Figure 1a ), using only pixels within 45°E or 45°W from Meroe Patera (the small white circle near the center of the larger white circle in Figure 1b ). This approach resulted in a probability distribution as a function of fractional magnetization (i.e., that magnetization remaining after the intrusion) and diameter of demagnetization (this technique was also used by Lillis et al. [2013a] ). As shown in Figure 7 , there is a trade-off between fractional magnetization and width (in approximately an east-west orientation) of the demagnetized area beneath the Syrtis caldera complex. Within our model framework, then, an intrusion extending for 500 km indicates that the crust was demagnetized by 20%-50%, whereas an intrusion 350 km across corresponds to a crustal demagnetization of 50%-80%. Similarly, these results show that the measured magnetic field strength is also consistent with demagnetization of~70-100% inside a region beneath the caldera complex of ≤300 km width (100% is consistent with the levels of intrusion per square kilometer inferred for NALF and SALF).
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Using the same model framework described in section 4, we calculate that a completely demagnetized zone 300 km across can be produced by a region of ≥50% (by volume) magmatic intrusion that is 150-250 km across (depending on Curie temperature).
In summary, our comparison of model data with measured field intensity data shows that, when considered in isolation from the magnetic fields associated with the NALF and SALF areas, the low but nonzero magnetic field strength over the Syrtis caldera can be explained equally by either (1) complete thermal demagnetization of the upper crust over a narrower intrusive zone (<250 km) beneath the caldera complex or (2) an intrusive zone comparably as wide as that implied for the SALF and NALF regions (i.e.,~500 km) but with approximately half of the intruded volume per unit area, i.e., such that some substantial magnetization remains.
Intrusion Pattern and Density: Reconciling Gravity and Magnetic Data
The magnetic field data are consistent with two interpretations for the pattern of intrusion, both comparable in size to the Syrtis Major volcanic edifice [Plescia, 2004] . Under one interpretation, there is an approximately "hourglass"-or dog bone-shaped region of total or almost complete thermal demagnetization that extends 1000 km from north to south, and~450-500 km from east to west, with the northern and southern extremities separated by a narrower (≤300 km wide) neck beneath the caldera complex. The other interpretation is that the intrusive rocks may span the entire elongated 1000 km × 500 km area, but that directly beneath the caldera complex they have only partially demagnetized the crust.
Gravity data provide additional constraints on the density structure of the crust in the Syrtis Major region, which in turn may shed light on the distribution of relatively dense subsurface intrusive bodies. The large positive free-air gravity anomaly shown in Figure 1d is strongest directly above the caldera and is elongated along the same axes as that of the caldera and the SALF and NALF zones, implying that all three are the result of the same overall pattern of magmatic and volcanic activity. Further, the gravity anomaly is~300 km wide and approximately lenticular in planform, consistent with the "hourglass/dog bone" interpretation of the shape of the region of near-complete thermal demagnetization.
To interpret the significance of this gravity data, we must evaluate the relative importance of density changes from two processes: porosity reduction as intrusions heat the crust [Kiefer, 2013] and the density contrast between frozen intrusions themselves and the surrounding crust.
Because porosity loss depends on viscosity, crustal heating and thickening during episodes of intrusive magmatism may accelerate compaction, thereby influencing local bulk density [Kiefer, 2013] . To assess the potential contribution of compaction to the gravity signature of Syrtis Major, we coupled a simple model of porosity reduction by viscous flow with a one-dimensional model of crustal heating during Syrtis magmatism. Figure 7 . The subcaldera complex demagnetization probability space. Relative probability of occurence as a function of fractional remaining magnetization is shown for each of 10 values of demagnetized zones of crust whose width ranges from 150 km to 600 km. Thus, for example, a portion of crust beneath the caldera complex crust that is~40% demagnetized over a width of 500 km fits the data approximately equally well as that which is~70% demagnetized over a width of 350 km. Note that the largest y axis values are magnetization fractions of 1.1, i.e., 10% higher magnetization that the surroundings.
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Changes in porosity, φ, from viscous flow can be modeled as
where μ is the viscosity and P is the lithostatic pressure [Fowler, 1985] . One-dimensional simulations with stochastic sill emplacement (as opposed to the three-dimensional sill emplacement simulations described in section 4.2) predict the porosity loss associated with several scenarios for Syrtis Major magmatism, assuming an initial porosity profile that decays exponentially with depth [Clifford and Parker, 2005] , as well as a power law expression for the temperature-dependent viscosity of dry diabase [Mackwell et al., 1998 ]. The thermal evolution of the magmas is computed by solving the one-dimensional heat diffusion equation, accounting for latent heat released by crystallization.
We find that the relative importance of densification associated with compaction depends on the magnetic mineralogy (and more weakly on the time scale for emplacement of the intrusions that demagnetize the crust). The Curie temperature of hematite (670°C) is higher than that of magnetite (580°C), which in turn is higher than that of pyrrhotite (325°C). In the presence of a preintrusion geothermal gradient, higher Curie temperatures imply a greater thickness of crust that must be demagnetized (presumably by deep intrusive bodies). However, deeper crust will have minimal initial porosity, and therefore, such deep intrusions will cause negligible compaction. As shown in Figure 8 , if the primary magnetic mineral is pyrrhotite, and magmas must intrude only the porous uppermost crust to remove the magnetic remanence, compaction associated with demagnetization could be as important as or more important than the density contrast between the magmas and the country rock. The positive gravity anomaly centered above the caldera complex could then reflect a region of originally porous material that underwent compaction during the crustal heating that accompanied Syrtis Major magmatism.
On the other hand, for magnetic remanence hosted by magnetite or hematite, and for realistic magmatic time scales (>10 6 years), the density perturbation from the intrusions themselves is greater than that from compaction ( Figure 8 ). Thus, if either magnetite or hematite is the primary magnetic mineral in the Martian crust, then the gravity data may directly reflect the subsurface structure and composition of the Syrtis Major magmatic system. In this case, we interpret the gravity anomaly as evidence that density contrasts and intrusive concentrations are greatest beneath and directly to the north of the Syrtis Major caldera complex. 
Constraints on Magma Composition
The low magnetic field strength measured above the Syrtis volcanic edifice indicates that a substantial fraction of the upper crust beneath the edifice has been intruded by magma. Likewise, the gravity anomaly data point to a relatively high-density body of material beneath the surface. Intrusion events constrained by these geophysical measurements provide further context for the generation of some of the most diverse igneous compositions on Mars. As briefly mentioned already in section 3.3, lithologies measured spectroscopically in this area range from picritic basalt to rhyolite Hamilton and Christensen, 2005; Mustard et al., 2005] . The most evolved dacitic and rhyolitic [Wray et al., 2013] magma compositions inferred in Nili Patera imply either extensive fractionation of intruded magmas, partial melting of the crust, or a combination of both. Based on the current spectroscopic evidence it is not possible to distinguish between these scenarios. In the case of the most felsic material, data from the Compact Reconnaissance Imaging Spectrometer indicate a feldspar-rich lithology with less than 2% mafic phases. Wray et al. [2013] modeled the generation of these silicic magmas through fractional crystallization, which occurred most efficiently when the magma was in a highly crystalline or mush state [Dufek and Bachmann, 2010] . This model predicts a large mafic cumulate body from which the more silicic magmas were extracted, likely in multiple episodes. Such a model is consistent with the geophysical observations of a dense body producing the gravity anomaly and the large amount of mafic intrusions required for the ER magnetic signature at Syrtis. An alternative interpretation of these outcrops is that they are anorthosites with very high calcium pyroxenes [Rogers and Nekvasil, 2015] .
Ratio of Intruded to Erupted Volumes
The total volume of magma erupted onto the surface at Syrtis is 1.6-3.2 × 10 5 km 3 [Hiesinger and Head, 2004] .
If crustal magnetization existed to depths of the Curie isotherm prior to magmatic activity, then the minimum estimate for intruded magma volume in this depth range at this site ranges from 4 to 19 × 10 6 km 3 , depending on magnetic mineral. These are minima because they result from 50% crustal replacement by intrusion; as stated earlier further intrusion does not cause further demagnetization. Thus, the implied minimum ratio of intruded to extruded volumes of magma (hereafter termed the "I/E ratio") is thus 15-120:1, with an average of 47:1. As an example, if the magnetic mineral is pyrrhotite and the extruded volume is 3.2 × 10 5 km 3 , then the I/E ratio is at least 15. This is substantially larger than both the global estimate for Mars of 5-12:1 [Greeley and Schneid, 1991] and the mean value for Earth of 10:1 [Crisp, 1984] . Even on Earth, however, the I/E ratio is highly variable and difficult to constrain, varying from <1:1 to >100:1, and there is no clear correlation with tectonic setting [White et al., 2006] . Thus, a direct inference is that these I/E ratios imply that, at least within the Syrtis volcanic and tectonic settings, magmas were less likely to erupt than those on Earth or elsewhere on Mars.
Implications for the Origin of Syrtis Magmatism
The volume, lateral extent, and duration of magmatic activity at Syrtis provide insight into mantle dynamics and the origin of the volcanic complex. There are three principal explanations for volcanism on Mars: (1) thermal insulation by an insulating crust of the planet's interior leads to pervasive melting in the shallow mantle [e.g., Breuer, 2006, 2007] , (2) impacts heat and melt crust and mantle [Reese, 2004] , and (3) upwelling in the mantle generates melt by decompression [e.g., Harder, 1998; Kiefer, 2003; van Thienen et al., 2006; Wenzel et al., 2004; Zuber, 2001] . Here we use the inferred volume of magma and its spatial distribution to evaluate these three possibilities in order. Note that these are not mutually exclusive globally or even regionally.
The thermal insulation mechanism Breuer, 2006, 2007] must play some role in controlling the subsurface thermal state. However, this mechanism works best if the thermal conductivity is at the low end (~2 W m À1 K
À1
) of the range that is likely for Martian crustal rocks. For more likely conductivities, k > 3 W m À1 K À1 , the insulation mechanism is much less important. Moreover, this mechanism requires thick crust to be effective. The inferred crustal thickness in the Syrtis Major region is 50-60 km, only slightly larger than the global average value [Neumann et al., 2004] . If the thermal insulation mechanism was the dominant process for producing magma in Syrtis, we would expect to find similar large volcanoes in many other areas of the Martian highlands. Because such edifices are in fact relatively rare, some other mechanism must be the dominant magma-producing process in Syrtis.
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Large impacts will melt the crust and uppermost mantle and deposit large amounts of heat within the mantle. This latter process, in turn, leads to buoyant upwelling and further (adiabatic decompression) melting. Numerical simulations show that these upwellings persist for only tens of millions of years [Roberts et al., 2009; Roberts and Arkani-Hamed, 2012] , whereas volcanism at Syrtis Major continued for a much longer period of time [Robbins et al., 2011] .
Under the assumption that magnetization exists at all depths shallower than the mineral-dependent historical Curie isotherm (~20-60 km), complete demagnetization of the crust requires that most of the material above this isotherm is composed of intrusions emplaced after the Martian dynamo ceased. Petrologic modeling using compositions inferred from orbital gamma ray spectrometry suggests that the Syrtis basalts formed at a mantle potential temperature of 1380°C and a melt fraction of about 10% [Baratoux et al., 2011] . Application of this same remote sensing technique to Gusev crater basalts underestimates the potential temperature by >50 K and the melt fraction by about 5% relative to laboratory studies that are constrained by in situ composition measurements by the Spirit rover [Filiberto et al., 2010] . Applying this correction to Baratoux et al.'s [2011] Syrtis results, we estimate a mantle potential temperature of at least 1430°C and a melt fraction of about 15% at Syrtis, values that are consistent with a hot, upwelling mantle plume beneath Syrtis.
Two-dimensional [Li and Kiefer, 2007; O'Neill et al., 2007] and three-dimensional [Golabek et al., 2011; Keller and Tackley, 2009 ] mantle convection simulations show that mantle plumes can subsist on Mars and may provide the best explanations for magmatism at Tharsis and Elysium [Li and Kiefer, 2007] . The lateral extent of melting in the modeled plumes of~500 km is similar to that of the intrusive complex beneath Syrtis. Although Li and Kiefer [2007] modeled melt production associated with a single plume in spherical axisymmetric geometry, convection simulations in a fully three-dimensional sphere show that multiple plumes can be active at the same time in early Martian history [Harder, 1998; Sekhar and King, 2014] , so it is reasonable that Syrtis, Tharsis, and Elysium may have all been volcanically active at the same time. The formation of a volcanic edifice [Pinel, 2003] and overpressure within intruded bodies of magma [Karlstrom et al., 2009] create stresses that focus rising magma toward the volcanic center. However, the tensile strength of basalt and other lithologies that limit overpressure, <10 MPa [Gudmundsson, 2011] , is insufficient for rising magma to be drawn laterally by more than a few tens of kilometers toward magma chambers [Karlstrom et al., 2009] . We therefore expect that a region that hosts intruded magma bodies should overlie a corresponding region in the mantle in which melt is generated, although long-distance lateral transport of magmas through dikes may occur [Ernst et al., 2001] .
In sum, the lateral dimensions, total volume, and protracted duration of magmatic activity at Syrtis Major are each consistent with upwelling in the mantle underneath the volcanic center. The total volume of erupted and intruded magmas is comparable to the volume of magma erupted in continental flood basalt provinces on Earth (~10 6 km 3 ), eruptions that are usually attributed to large upwellings in the mantle [Richards and Griffiths, 1989] . Mantle convection simulations suggest that, as noted in section 3.2, the eruptive history of Syrtis Major spans~2.2-3.6 Ga [Robbins et al., 2011] . If a single mantle plume engendered all the magmatism at Syrtis, it must therefore have been stable for~1-2 Ga. Mantle convection simulations do feature long-lived plumes [e.g., Harder and Christensen, 1996] . However, such simulations also suggest that over the past 4.5 Ga, the number of large upwellings in the Martian mantle should decrease with time [Harder and Christensen, 1996; Keller and Tackley, 2009] .
Structural Control of Magma Flow
The thermal demagnetization pattern, the free-air gravity anomaly, and the topography of the Syrtis Major caldera complex are each elongated, with their axes of elongation almost colinear along a line that is approximately north-northwest (Figure 1 ). The location of the Syrtis caldera complex in the center of the slightly tilted (with respect to local north) hourglass/dog bone-shaped inferred intrusive complex gives clues as to the paths taken by ascending magma to the surface and hence the role of tectonic stresses beneath the volcano. The following conceptual geologic model may explain the magnetic and gravitational patterns observed at Syrtis Major. Magmatic intrusion beneath the NALF and SALF zones might have relied on crustal shearing and weakening due to overpressure from the main Syrtis magma body. If the main magma body were elongated north-northwest (perhaps due to prior-existing crustal structure, as discussed below), overpressure in the system would have generated Coulomb stresses in a dog bone-shaped pattern that Journal of Geophysical Research: Planets 10.1002/2014JE004774 encouraged transform faulting off axis of the main body. Such off-axis transform faults have been observed in recent volcanic events on Earth during and immediately after the ascent of a pressurized dike [Roman and Heron, 2007; Toda et al., 2002] . Within the four ends of the dog bone structure (two branching ends at each end of the axis of the original magma body), faulting would have initiated in two cross-axis ends which effectively shut off the development of faults in the remaining two ends. These two weakened zones, to the north and south of Syrtis, may have become stable transform shear zones before later enabling the ascent and storage of magma at relatively shallow crustal levels.
The presence of intrusions to the north and south of the Syrtis Major free-air gravity anomaly, tangential to Isidis impact basin, instead of intrusions to the east and west (i.e., the north and south trending branches of the dog bone structure were exploited, as opposed to the east and west trending branches), might be explained by regional structures developed by deep-seated deviatoric stresses following the formation of Isidis. Large-impact structures include listric extensional faults circumferential to the crater cavity [Melosh, 1989; Osinski and Pietrazzo, 2012] . These faults are known to act as pathways for magma ascent following large-impact events [Melosh, 1989] . The Syrtis Major edifice is located in a region in which listric extensional faulting likely occurred in association with the formation and modification of the Isidis Basin. Nili and Amenthes Fossae are likely examples of this same process but which were not used as ascension pathways for major episodes of volcanism. As magma ascended through the magnetized crust, existing faults would have been exploited as the easiest pathways to the surface. Faults in older Noachian terrains have also focused younger volcanism across the Tharsis region Hauber et al., 2009; Richardson et al., 2013] . As the Syrtis Major edifice grew, it would have been topographically unbuttressed to the east, toward the topographically low Isidis Basin floor (Figure 1b) , much like the Hawaiian volcanoes on Earth that are buttressed by adjacent, older volcanoes but are unconstrained topographically toward the ocean. This geometry would have favored the development of structurally weak zones parallel to the unbuttressed flank, which in turn would have enabled the intrusion of blade-like dikes and the formation of volcanic rift zones parallel to the boundary with the lower topography [Rubin and Pollard, 1987] . In this way, magma ascent at depth associated with the formation of Syrtis Major may have demagnetized the ancient, underlying crust in an hourglass-shaped pattern offset~100 km south from the free-air gravity anomaly. As magma ascended, it would have begun to exploit the listric faults of the Isidis Basin, thereby focusing the volcano's growth along the margin of the basin. The unbuttressed nature of the resulting volcanic pile would have enabled the storage of magma within the volcano in an elongated pattern parallel to the lower topography to the east.
Conclusions
We have used thermal-magnetic modeling of subsurface demagnetization to fit magnetic field measurements of the Syrtis Major volcanic system on Mars and then to infer the areal extent and volume of a magmatic intrusive system which may exist beneath the volcano. The intrusive to extrusive ratios derived from this analysis range from 15 to 120:1. The data do not reliably distinguish between the candidate magnetic minerals pyrrhotite, magnetite, and hematite but do favor a coherence wavelength of subsurface magnetization of~250-500 km, i.e., less than half the global average.
Our model best fit results indicate that a dog bone-shaped region of intrusions lies below Syrtis Major. The shapes of the northern and southern ends of this system are consistent with cylindrical intrusions, each 400-500 km in diameter, with a central portion (i.e., bridging the ends and extending beneath the caldera complex) about 150-250 km in width.
The spatial extent of this region,~350,000 km 2 , as well as the longevity of volcanism at the Syrtis center, is consistent with a long-lived mantle plume beneath the volcano. Additionally, the north-south elongation of the region, tangential to the nearby Isidis Basin, suggests a possible rift-zone-like origin for Syrtis magma ascent. The extensive mafic crustal intrusions likely associated with this plume account for both the observed ER magnetic field and the dense residue inferred from free-air gravity anomaly data over Syrtis. The petrologic diversity observed at the surface, including some of the most silicic compositions observed so far on Mars, is consistent with fractionation within an extensive intrusive system, limited partial melting of the crust, or both. The dense cumulate residue in the crust implied by the free-air gravity anomaly data is consistent with a fractionation model in which silicic magmas were removed from a crystalline mush.
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The processes discussed in this paper, of magmatic intrusion from mantle upwellings and structural control of magma flow within the crust, are applicable not just to Syrtis Major but to other circum-basin volcanic settings on Mars. This is particularly true around the Hellas Basin, where regional tectonic forces and resulting faulting may have played a substantial role in the origins and development of Hadriacus and Tyrrhenus Montes and Amphitrites and Peneus Paterae.
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